A low-energy enhancement of the γ-ray strength function in several light and medium-mass nuclei has been observed recently in 3 He-induced reactions. The effect of this enhancement on (n, γ) cross-sections is investigated for stable and unstable neutron-rich Fe, Mo and Cd isotopes. Our results indicate that the radiative neutron capture cross sections may increase considerably due to the low-energy enhancement when approaching the neutron drip line. This could have non-negligible consequences on r-process nucleosynthesis calculations.
I. INTRODUCTION
The γ-ray strength function or radiative strength function (RSF) characterizes average electromagnetic decay properties of excited nuclei. This quantity is important for describing the γ-emission channel in nuclear reactions. It is also indispensable for calculating nuclear reaction cross sections and reaction rates relevant for astrophysical applications. Recent studies [1, 2] clearly show the importance of a precise description of the γ-ray strength function at low energies, especially for a proper understanding of the nucleosynthesis of the elements heavier than iron by the rapid neutron-capture process (r-process). The r-process nucleosynthesis is called for to explain the origin of about half of the stable nuclides heavier than iron observed in nature and is believed to result from an extremely large neutron irradiation on timescales of the order of about one second.
So far, however, the astrophysical site hosting such an rprocess remains unknown. Although an (n, γ)-(γ, n) equilibrium might take place in an environment with high neutron density and high temperature (in which case the r-abundance distribution remains rather insensitive to the reaction rates), more general r-process simulations require a reliable determination of the radiative neutron capture rates for all nuclei involved [1] . Indeed, it should be kept in mind that even if the thermodynamic conditions of the r-process site remain unknown, the assumption of an (n, γ)-(γ, n) equilibrium can only be tested if the neutron capture, β -decay and photodisintegration rates for all neutron-rich nuclei synthesized during such a process can be estimated reliably [3] . Furthermore, in specific sites such as the decompression of neutron star matter or the so-called cold neutrino-driven wind, neutron captures are in competition with β -decays, not with photodisintegrations, so that no (n, γ)-(γ, n) equilibrium can be achieved and the final r-abundance distribution may well be sensitive to reaction rates. Finally, in any site, the final abundance distribution is likely to depend more or less on the freeze-out conditions for which the (n, γ)-(γ, n) competition comes out of equilibrium. Under such conditions, an accurate and reliable determination * Electronic address: a.c.larsen@fys.uio.no of all the ingredients of relevance in the calculation of the neutron capture rates, including in particular the γ-strength function, is required.
The nuclear physics group in Oslo has performed measurements on the γ-ray strength functions below neutron threshold of various light and medium-mass nuclei [4] [5] [6] [7] [8] . These data have revealed an unexpected increase in the γ-decay probability at low γ-ray energies. This enhancement is seen to be present typically for E γ ≤ 3 MeV. In contrast to other soft resonances observed previously such as the M1 scissors mode [9, 10] , the physical origin of the enhancement remains unknown. There is, for the time being, no established theory that is able to explain this upbend phenomenon.
For nuclei close to the valley of stability, one might expect that the low-energy enhancement would have little influence on the neutron-capture cross section. Naturally, the most important energy region for the neutron-capture reaction is in the vicinity of the neutron separation energy S n , and low-lying structures in the γ-ray strength function would probably have a relatively small effect. However, for neutron-rich nuclei approaching the neutron drip line, the neutron separation energy rapidly decreases and enters the energy region where the enhanced strength is observed. This work aims at investigating how such a very low-energy strength enhancement may influence the neutron-capture cross section of exotic neutron-rich nuclei. Since this upbend phenomenon has been clearly seen in Mo isotopes, the present study will focus on Mo. The Mo case is also of particular interest due to the many observational constraints that can help us to determine the full RSF; these include the resonance spacing and the average total radiative width at the neutron separation energies, photoneutron cross-section data, and the measurements by the Oslo group.
In Sect. II, we will describe the experimental results obtained by the Oslo method and the parameterizations used to model the low-energy E1 strength, in particular in the vicinity of the upbend structure. In Sect. III, the neutron-capture cross sections and the corresponding astrophysical rates are estimated for the Mo nuclei, as well as Fe and Cd isotopic chains. Finally, implications of these results and conclusions are discussed in Sect. IV. During the last decade, the Oslo group has developed an experimental method capable of extracting information on the nuclear level densities (NLD) and γ-ray strength functions by analyzing particle-γ coincidence data from neutron pickup ( 3 He,αγ) and inelastic scattering ( 3 He, 3 He γ) reactions. Details about the method can be found in [11] .
One major result obtained through the Oslo method concerns an increase of the RSF at decreasing photon energy. This upbend structure has been observed in 44 [4] ), and theoretically there is no model that can provide possible explanations. Even the multipolarity of the strength remains unknown.
Guttormsen et al. [6] showed that in the case of an E1 strength, the reduced strength in the 1 − 3 MeV range would correspond to an average B(E1) value of 0.02 e 2 fm 2 (i.e. about 0.07% of the E1 sum rule), in case of an M1, B(M1) 2 µ 2 N which is 3 to 4 times larger than the observed strength to mixed-symmetry 1 + states around 3 MeV [12, 13] , and in case of an E2 strength, B(E2) 15000 e 2 fm 4 which is 5 to 15 times the strength of the (de)excitation of the first 2 + states in the even Mo isotopes.
Recent results on 60 Ni investigated with the two-step cascade method applied on (p, 2γ) data [14] , indicate that there is an upbend in the M1 component of the RSF and possibly also in the E1 component. However, one should note that this specific nucleus has only positive-parity states below E x ≈ 4 MeV, and one of the conclusions in Ref. [14] is in fact that the low-energy enhancement is probably due to secondary M1 transitions in this excitation-energy region, while the Oslo results reveal the RSF in the quasi-continuum region above E x ≈ 4 MeV. Thus, the multipolarity and the electromagnetic character of the upbend in other cases are still unknown. Although we cannot exclude any of the above-mentioned posibilities, we will assume that it can be associated with E1 γ-ray transitions for the nuclei studied in this work.
For the Mo case, additional information exists for the strength function below the neutron threshold. It concerns the measured E1 strength for 93, 95 Mo at ≈ 7 MeV ( [15] and references therein), and for 92, 94, 96, 98, 100 Mo from (γ, γ ) experiments [16] . The latter, however, shows an RSF with a shape quite different (convex rather than concave) from the one extracted from the Oslo data. In addition, the absolute value of the data presented in Ref. [16] appears to overestimate the experimental average radiative width Γ γ (S n ) . The reason for this disagreement is not yet understood, but the explanation might be connected to the different reaction parameters and selectivity of the populated states (such as restrictions on the spin range and/or parity) compared to the Oslo data. Also, these data reach energies down to E γ ≈ 5 − 6 MeV only, depending on the isotope studied. We will therefore in the following use the results from the Oslo method to constrain the E γ → 0 limit.
The existence of the upbend structure could also be questioned on the basis of the various assumptions related to the Oslo method. In particular, one fundamental assumption behind the extraction procedure relies on the Brink hypothesis [17] , which states that collective excitation modes built on excited states have the same properties as those built on the ground state. This hypothesis allows to express the probability of the γ decay in the statistical regime as being proportional to a separable product of the final-state level density and the RSF. Although the Brink assumption can be questionable, in particular from the point of view of some models such as the Fermi liquid theory [18] , it should be emphasized that the presence of the upbend structure has been tested against such an assumption. Specifically, the RSFs for 56,57 Fe [4] , 96, 98 Mo [6] , and 45 Sc [8] have been determined for various initial energies and shown to present the upbend structure for all the excitation bins studied. From such a test, it can be inferred that the eventual temperature-dependence of the RSF at low energy is small with respect to the strength of the upbend structure. In this low-energy region, the validity of the Brink hypothesis remains a fundamental open question.
Uncertainties in the subtraction procedure of the Oslo method, including the estimate of the statistical multiplicity have also been studied in [19] and shown not to affect the RSF significantly and definitely not the conclusion regarding the existence of the upbend pattern.
Finally, it should also be stressed that quantitatively the experimental determination of the NLD and RSF is modeldependent, as the method enables a unique determination only of the functional form of the NLD and RSF. In order to obtain the absolute value of the total level density (and hence the RSF) from the measured data, the experimental NLD needs to be normalized to the total level density at the neutron separation energy S n , which in turn is derived from the neutron resonance spacing. The parity and spin distributions need to be known to estimate the total level density from the resonance spacing. As shown in Ref. [20] , uncertainties within a factor of two can still affect this NLD normalization procedure and consequently could affect the low-energy RSF.
This uncertainty has been considered here. In Fig. 1 , the NLDs of 93−98 Mo have been renormalized to the calculated total level densities at S n taken from Ref. [20] , which were themselves normalized to available experimental s-wave spacings. One exception is 98 Mo, for which the newly recommended value of the s-wave spacing D 0 = 60(10) eV [21] has been adopted. This new value leads to ρ(S n ) = 1.38(69)×10 5 MeV −1 if calculated with the same prescription as in [6] , and to ρ(S n ) = 1.90(95) × 10 5 MeV −1 following [20] . It is seen that both normalizations reproduce well the known, discrete levels taken from [22] . In Fig. 2 the corresponding RSFs for both normalizations are displayed, and it is seen how the slope of the RSFs is changed. Note that for both cases the total RSF is normalized in absolute value to the average total radiative width Γ γ (S n ) . For the cases of 93,95,97,98 Mo the upbend structure is clearly present and relatively strong, for both normalizations of the NLD, while for 94, 96 Mo the enhancement is reduced. However, this new normalization does not question the presence of the upbend in the RSF.
In summary, the Oslo method has now been widely tested to confirm its capacity to determine the NLD and RSF. It has proven to be an excellent procedure and there is, at present, no reason not to trust the low-energy RSF data showing an upbend pattern. For that reason, we will now assume that this structure is present in all elements lighter than typically Cd (no upbend has been seen in Sn isotopes [23] ), and discuss how it can be modeled as an E1 strength.
B. Model parameterizations
To describe the γ-ray strength function with the enhancement observed at low energy, we consider different ways to model its contribution to the total E1 strength. More specifically, we have applied the widely used Generalized Lorentzian (GLO) model [24, 25] for the E1 strength, and modified it in order to describe the observed upbend structure.
The GLO model makes use of a temperature dependence that increases the E1 de-excitation strength at low energies and gives an E γ → 0 non-zero limit, but no upbend pattern. This non-zero limit was first introduced by Kadmenskiȋ, Markushev and Furman in 1983 on the basis of theoretical calculations within the Fermi liquid model [18] . This was done in order to take into account quasi-particle fragmentation of the E1 strength, and to explain the observed low-energy data on the γ-ray strength function of several medium-mass and heavy nuclei studied with (n, γα) and (n, γ f ) reactions (see [18] and references therein). Later, Kopecky and Chrien [24] , and Kopecky and Uhl [25] found it necessary to introduce a temperature dependence in order to describe the strength of primary γ-ray data from average resonance capture (ARC) reactions, and introduced the GLO model [24, 25] . This model relies also on the theory of Fermi liquids and accounts for microscopic properties of the GEDR. The advantage of the GLO model is its capability to reproduce both photoabsorption cross-section data as well as the above-mentioned subthreshold data reasonably well.
The GLO strength function is given by [25] 
where σ E1 , Γ E1 , and E E1 are the Giant Electric Dipole Resonance (GEDR) peak cross section, width, and centroid energy, respectively. The energy-and temperature-dependent width reads
identical to the prediction of [18] . Here, the first term reflects the spreading of particle-hole states into more complex configurations, and the second term accounts for collisions between quasiparticles. The spreading width thus depends on the nuclear temperature of the final states T f . The Oslo method is based on the Brink hypothesis, which means no dependence on the excitation energy and thus on the nuclear temperature T f of final states in the RSF. Introducing a constant temperature is, however, not in contradiction with the Brink hypothesis or the extraction procedure to get the NLD and RSF from the coincidence data. We have therefore considered T f to be constant in the GLO model. We have chosen T f = 0.30 MeV, to give a reasonable global agreement with experimental data of 93−98 Mo for E γ > ∼ 3 MeV, as illustrated in Fig. 3 ; this first adaptation of the GLO model is in the following referred to as GLO-lo.
For the GEDR parameters we take experimental values from [15, 26] We have chosen two ways to model the upbend:
(i) introducing a low-lying resonance of the form of a standard Lorentzian (SLO).
(ii) modifying the energy-dependent width of the GLO model.
It should be stressed that both approaches are completely phenomenological, since there is at present no proper theoretical description of the upbend structure. For the first approach, the upbend is given by a low-lying resonance described by an SLO shape:
located at a resonance energy of E up1 = 1.5 MeV with a full width at half maximum Γ up1 = 1.5 MeV and a peak cross section σ up1 = 0.05 mb. This resonance is added to the GLO-lo strength in order to make the total RSF fit with the low-energy data as well; this model is referred to as GLO-up1 and its Mo description is shown in Fig. 3 .
For the second approach, we have modified the temperature-dependent width of the GLO model in the Mo with the normalization of [6] (open squares), and renormalized on the basis of the level density calculations from [20] (filled squares), except for 98 Mo, see text. The solid line represents the known, discrete levels taken from [22] . The data points between the arrows are used for normalization. The dashed line and the dotted line are the interpolations between the data points and the calculated total level densities at S n (open and filled star) for the original and new normalization, respectively.
following way:
where the introduction of an E −1 γ dependence in the second term enables an increasing RSF for decreasing E γ . The constant parameter δ = 0.05 MeV is applied to ensure a finite value of f GLO for E γ → 0. In this approach, the temperature T f has also been assumed to remain constant and the value of T f = 0.16 MeV has been adjusted to reproduce at best the experimental Mo RSF, as seen in Fig. 3 . Note that the T f value is obviously different from the value extracted wihtin the GLOlo model because of the new functional (4) considered for the energy-dependent width. This modified width allows us to use for the RSF a closed form identical to Eq. (2) that makes it possible to describe the RSF at all energies and also to reproduce the upbend structure phenomenologically without calling for the presence of an extra low-lying resonance. We call this model GLO-up2.
Since most of the reaction calculations are performed with the original version of the GLO model [25] , we also consider the corresponding model with a variable temperature T f , estimated from the well-known expression [15] 
where E * is the initial excited state in the compound nucleus (for neutron capture at incoming neutron energy E n , E * = E n + S n ), ∆ is a pairing correction, and a is the level density parameter at S n . For all E1 strength functions considered here, we have also added an M1 strength described by a Lorentzian shape:
Here, σ M1 , Γ M1 , and E M1 are the peak cross section, width, and centroid energy, respectively, of the Giant Magnetic Dipole Resonance (GMDR) related to spin-flip transitions between major shells [27] . The peak cross section is normalized to the E1 strength function at E γ = 7 MeV as described in Ref. [15] , while the width and the peak position is determined from systematics [15] . With such a parameterization the M1 contribution to the total RSF remains low compared to the E1 contribution.
The GLO-lo, GLO-up1 and GLO-up2 models are shown together with experimental data on 93−98 Mo in Fig. 3 . For 98 Mo, also the GLO model with E n = 1 MeV is displayed. It is seen that both the GLO-up1 and the GLO-up2 models give reasonable agreement with data at all energies, while GLO-lo fails to describe the low-energy region.
In the following section, the impact of the upbend structure is estimated by comparing the above-mentioned models (GLO-up1, GLO-up2, and GLO-lo) and the original and widely used T -dependent GLO model.
III. RESULTS
We now perform the calculation of (n, γ) cross-sections and astrophysical rates with the code TALYS [28, 29] in order to study the impact the upbend structure might have on the radiative neutron capture for stable as well as neutron-rich nuclei. By default, all calculations are performed using the nuclear structure properties determined within the HFB-17 mass model [30] , the neutron-nucleus optical potential of Ref. [31] and the NLD obtained within the combinatorial method [20] . The latter model not only reproduces quite accurately resonance spacing data, but also the energy-dependence of the total level density extracted consistently for the Mo isotopes through the Oslo method. The Oslo data and the theoretical NLD are compared in Fig. 9 of Ref. [20] . To remain coherent, it is of prime importance to use the same NLD prescription and normalizing values at the neutron separation energy for the cross section calculation as those used in the extraction of the RSF with the Oslo method. As shown in Fig. 2 , different NLD models lead to different experimental RSFs.
We compare in Fig. 4 experimental 97 Mo(n, γ) 98 Mo data with the calculated cross section obtained with the original GLO model, the GLO-lo model with T f = 0.3 MeV, and the two parameterizations of the upbend, GLO-up1 and GLOup2. It is seen from Fig. 4 that the increase in the predicted cross section using our description of the upbend structure for this specific stable Mo isotope can reach about 20% if we adopt the GLO-up1 parameterization with respect to the GLOlo one, and roughly 50% if we adopt the GLO-up2 model. Similar results are obtained for the other Mo isotopes. In general, the upbend structure improves the agreement with experimental data, although there is clearly some strength missing, partially due to a possible extra contribution lying in the 8-10 MeV region of 98 Mo that is not properly described by the present parameterizations (see Fig. 3 ). Note, however, that no effort is done here to reproduce experimental data perfectly, for example by modifying the NLD model or the RSF parameterization. When considering the original GLO model, the estimated cross section is slightly higher due to the high temperatures T f encountered in the compound system in comparison with the constant values adopted.
On the basis of the input models described above, we now perform calculations on the Maxwellian-averaged neutron capture rates of astrophysical interest for the full isotopic chains of Mo, as well as Fe and Cd up to the neutron drip line. The GLO-up1, GLO-up2, GLO-lo predictions are compared with the widely used GLO estimates in Figs. 5 -7 for a temperature of T = 10 9 K typical of the r-process nucleosynthesis [1] . As already demonstrated in Fig. 4 , close to the stability line the upbend structure has a relatively small influence. However, for exotic neutron-rich nuclei the impact may become large, essentially due to the low neutron separation energies allowing only for γ-decays with energies lower than typically 2 MeV. In this case, the strength in the low-energy region dominates the decay.
In Fig. 5 , the rates obtained using the GLO-lo with constant temperature of T f = 0.3 MeV are compared to the frequently used standard GLO model with variable temperature as defined in Eq. (5). For nuclei close to the valley of stability, it is seen that the constant-temperature approach gives lower rates than the original GLO model, which is easy to understand from the higher absolute value of the GEDR tail when using a variable temperature which is found to be higher than the 0.3 MeV considered in the GLO-lo model (see Fig. 3 for 98 Mo). However, when approaching the neutron drip line, the rates of the GLO-lo model become comparable and even larger than the ones using the GLO model. This is due to the fact that the neutron separation energy drops rapidly and so does the temperature T f , at least for neutron incident energies of about 100 keV (corresponding to the T = 10 9 K temperature considered here). The original GLO model when applied to the neutron capture by exotic neutron-rich nuclei can therefore be approximated by the T f = 0 case. We see from Fig. 5 that assuming a constant temperature T f = 0.3 MeV (i.e the GLO-lo case) can give an order of magnitude increase in the reaction rates for such exotic nuclei.
Including the upbend structure through the GLO-up1 model may give another significant increase of the rates as shown in Fig. 6 . In particular, the rates for neutron-rich Cd isotopes gain an additional order of magnitude due to the low-energy [20] . Giant resonance photoabsorption data (blue open circles) for 94, 96, 98 Mo are taken from [32] . The black triangles represent measured E1 strengths for 93, 95 Mo from [15] . The blue solid line corresponds to the GLO-lo parameterization, the blue dashed line to the GLO-up1 parameterization, and the dash-dot line shows the GLO-up2 model. For 98 Mo, also the GLO model for E n = 1 MeV is displayed (dotted line).
RSF contribution that become effective as soon as S n drops after crossing the closed neutron shell at N = 82. As demonstrated in Fig. 7 , the GLO-up2 parameterization gives a similar large increase of the rates with respect to the traditional calculation based on the GLO model. The predictions are even larger than when considering the GLO-up1 model. Similar conclusions can be drawn for the Fe and Mo isotopes.
In general, we see that the influence of the upbend structure on the (n, γ) cross sections and thus the reaction rates becomes more and more important as the number of neutrons increases. In particular, as soon as a major neutron shell is crossed, the neutron separation energy S n drops and the RSF in the vicinity of the upbend structure starts to play a major role in the radiative decay. It can be seen that the combination of the upbend structure and applying a constant temperature may lead to an increase of the reaction rates by up to a factor of 300. This increase is observed in all the isotopic chains studied here when applying the GLO-up2 model.
These calculations show that a proper understanding of the E γ → 0 limit of the RSF can be of crucial importance in the determination of radiative neutron-capture cross sections for exotic neutron-rich nuclei. This effect could have a non-negligible impact on the neutron captures that can potentially take place in astrophysical environments characterized by high neutron densities, in particular during the r-process nucleosynthesis. 
IV. CONCLUSIONS
As shown experimentally by the Oslo group, the RSF at very low γ-ray energy might be characterized by a significant enhancement with respect to the usual rapidly decreasing γ-decay strength. This upbend structure has been observed systematically in V, Sc, Fe and Mo isotopes at energies typically smaller than 3 MeV, but is absent in elements heavier than Sn. The very origin of this extra strength remains unexplained theoretically.
The impact of this upbend structure is found to be relatively small on the neutron capture cross section of stable nuclei, since it modifies the RSF in an energy region which hardly takes part in the reaction mechanism. However, for exotic neutron-rich nuclei, this effect becomes significant and could potentially increase the reaction rates of astrophysical relevance by one or even two orders of magnitude. This effect is particularly pronounced for nuclei with a low neutron separation energy, crossing a major neutron shell. This effect could have a non-negligible impact on the neutron capture rates essential for the r-process nucleosynthesis.
